Introduction: A pharmacogenomic approach was used to further localize the genetic region responsible for previously observed enhanced cardiovascular sensitivity to propofol in Dahl Salt Sensitive (SS) versus control Brown Norway (BN) rats. Methods: Propofol infusion levels that decreased blood pressure by 50% were measured in BN.13 SS rats (substitution of SS chromosome 13 into BN) and in five congenic (partial substitution) strains of SS.13
H
EMODYNAMIC depression is a side effect of general anesthetics that has been managed by anesthesiologists for decades, but clinicians also recognize significant variations in cardiovascular sensitivity to these agents. 1 Such variation is often attributed to altered pharmacokinetic uptake, distribution, and/or elimination of drug. However, significant differences in susceptibility to the same concentra-
• The current study investigated the genetic basis for differences in propofol-induced cardiovascular depression by comparing different strains of rats with distinct phenotypic sensitivity to anesthetics.
What This Article Tells Us That Is New
• There are pharmacogenomic differences in Dahl Salt Sensitive rats compared with Brown Norway control rats manifesting as enhanced cardiovascular sensitivity to propofol. This is attributable in part to altered renin gene function in the Dahl strain.
tion of anesthetic at a particular effector site may also result from differential genetic expression leading to variation in the response of certain regulatory mechanisms to drugs. 1 The current study used a functional genomics approach to identify the regions of the genome that are responsible for different physiologic responses to various anesthetic agents. 2 We examined the genetic basis for differences in propofol-induced cardiovascular depression by comparing different strains of rats with distinct phenotypic sensitivity to anesthetics. These strains were part of a unique genetic animal model of chromosomal substitution. 3 Previously, we observed that Dahl Salt Sensitive rats (SS/ JrHsdMcwi, abbreviated as SS) are anesthetized at much lower doses of several different anesthetics than Brown Norway rats (BN/NhsdMcwi, abbreviated as BN). 4 This difference also includes enhanced cardiovascular sensitivity. Specifically, SS rats exhibit a decrease in arterial blood pressure and cardiovascular collapse at much lower doses of sodium pentobarbital 5 and propofol 6 than BN rats. Concomitant enhancement in in situ arterial vascular smooth muscle (VSM) hyperpolarization reflects a greater reduction in VSM tone in small resistance-regulating arteries. The basis for this hyperpolarization difference appears to be a genetic alteration in normal vascular control mechanisms, particularly calcium-sensitive potassium channel function and expression. 7 Such greater VSM sensitivity to anesthetics predisposes the animal to exaggerated depressor responses during anesthetic exposure. Moreover, all of these observed differences in response to propofol appear to be linked to a gene or genes on chromosome 13, because transfer of BN chromosome 13 into the SS genetic background (to produce a SS.13 BN consomic strain) completely prevents the enhanced VSM sensitivity to propofol both in vivo and in isolated vessels in situ. 5, 6 Of particular interest is the renin gene (known to be carried on chromosome 13 in the rat). Although cardiovascular regulation involves a multitude of genetic factors, the renin gene is recognized as a "master regulatory gene" of the circulatory system. 8 Transfer of chromosomal segments containing the BN renin gene to an otherwise unchanged SS background has conferred the BN blood pressure regulation phenotype to the SS. 9 The renin-angiotensin-aldosterone system is well established as a major mechanism in the maintenance of circulatory stability. Genetic polymorphisms of the renin gene and of genes coding for other components of the renin-angiotensin-aldosterone system have been associated with different cardiovascular disorders. 10, 11 However, although pharmacogenomic differences have been identified for anesthetic responses to different anesthetics (including propofol), 12 none to date have been associated with cardiovascular sensitivity to anesthetics and/or the renin gene. The hypothesis for this study was that an alteration in renin gene function in the SS contributes to the propofolinduced enhancement of cardiovascular sensitivity and VSM hyperpolarization (reflecting a reduction of VSM tone).
Materials and Methods

Animals
The animals used in this study were 8-to 12-week-old male rats from the SS, BN, BN.13 SS , and SS.13 BN consomic and congenic strains, ranging in weight from 250 to 400 g. All protocols were reviewed and approved by the Animal Care and Use Committee at the Medical College of Wisconsin (Milwaukee, Wisconsin). The BN.13 SS and SS.13 BN consomic strains and the SS. 13 BN congenic strains were obtained from The Medical College of Wisconsin's PhysGen Program of Genomics Applications and were derived as previously described. 3 All rats were maintained on a low (0.4%) sodium chloride diet to minimize the development of hypertension and associated end organ damage in SS.
13
Characterization of the Hypotensive Response to Propofol in the BN.13 SS Strain We have previously reported that introgression of BN chromosome 13 into the SS genetic background (SS.13 BN strain) reduces the enhanced sensitivity of the SS to the cardiovascular depressive effects of propofol to the same level seen in BN. 6 This suggested that the strain differences are due to a gene or genes on this chromosome. In the current study, we first used a reciprocal BN.13 SS strain 7 to determine whether introgression of SS chromosome 13 into the BN genetic background would enhance cardiovascular sensitivity to propofol.
Ten BN.13 SS consomic rats were used to measure the infusion rate of propofol required to reduce mean arterial blood pressure by 50%. The animals were anesthetized with isoflurane in a 30% oxygen/70% nitrogen carrier mixture (Abbott Laboratories, North Chicago, IL) via an Ohio Medical Products vaporizer (Airco Inc., Madison, WI). End tidal carbon dioxide was maintained between 35 and 40 mmHg. Both end tidal carbon dioxide and isoflurane concentrations were measured with a POET 2 Infrared Capnograph and End Tidal Agent Monitor (Criticare Systems, Inc., Waukesha, WI). A tracheotomy was performed, and cannulas were placed in the femoral artery and vein for measurement of arterial pressure and intravenous infusions, respectively. After catheter placement, isoflurane was discontinued and the animal was allowed to breathe room air until the end tidal isoflurane concentration reached 0 -0.2%. Then intravenous propofol (Diprivan, AstraZeneca Pharmaceuticals LP, Wilmington, DE) was administered at a dose of 0.55 mg/kg/ min, the lowest rate to reliably prevent spontaneous movement. The rate was sequentially increased in 0.03 mg/kg/min increments every 3 min until the animal no longer demonstrated extremity or tail movement in response to tactile stimulation. At this time point, the rate of propofol infusion was increased in increments up to 0.30 mg/kg/min or until the mean arterial blood pressure was reduced by 50% relative to the measurement immediately before initiation of the propofol infusion. Ventilation was controlled throughout this protocol.
Phenotyping of Congenic Strains of the SS.13 BN
Based on the previous finding that established a causal relationship between the presence of SS chromosome 13 and the increased depressor response to propofol, 6, 7 attention was focused on further defining the genetic regions of interest on SS chromosome 13. This was accomplished by measuring the cardiovascular responses to propofol in five congenic strains of the SS.13 BN . These strains, designated as congenic lines 1, 2, 3, 4, and 5, were developed in a fashion similar to that described for the SS. 13 BN except that each contained only a segment of BN chromosome 13 rather than the whole chromosome as in the SS. 13 BN consomic. They were created by backcrossing the SS. 13 BN consomic strain with SS rats and intercrossing the F1 progeny.
14 A genetic map presenting the regions of BN chromosome 13 introgressed into the SS. 13 BN congenic strains is presented in figure 1 . 
Congenic Strains
Previous observations indicated that 2,6-diisopropylphenol (the active anesthetic agent in the intralipid emulsion known as propofol) hyperpolarizes VSM in small mesenteric arteries to a greater extent in SS rats than in SS.13 BN consomic rats, in which BN chromosome 13 is substituted into the SS genetic background. Moreover, this enhanced hyperpolarization was attributed to increased (big) calcium sensitive potassium channel activity. 7 An enhanced propofol-induced hyperpolarization of arterial VSM in SS resistance arteries correlates with earlier loss of VSM tone and consequent vascular instability. This protocol was used to determine whether such differences in the regulation of VSM tone in response to 2,6-diisopropylphenol also correlated with observed differences in vascular stability during propofol administration in the congenic (i.e., partial chromosome substitution) strains. An additional objective of the protocol was also intended to determine whether differences in second messenger-mediated regulation of (big) calcium sensitive potassium channels could contribute to the observed altered anesthetic sensitivity. The activity of these channels in VSM is regulated by phosphorylation via second messenger pathways that include cyclic 3Ј, 5Ј guanosine monophosphate (cGMP), acting through protein kinase G (PKG), and cyclic 3Ј, 5Ј adenosine monophosphate (cAMP), acting through protein kinase A (PKA). 15 To investigate 2,6-diisopropylphenol's effects on VSM E m in the consomic strains and whether these effects are mediated through the cGMP and/or cAMP second messenger pathways, the previously established VSM transmembrane potential (E m ) preparation was used. 7 Two protocols were followed, both of which initially used six SS and six BN rats.
Animals were anesthetized with 2.5% inhaled isoflurane followed by tracheotomy and femoral arterial and venous cannulation. A midline laparotomy was also performed, through which a loop of terminal ileum was externalized and superfused with physiologic salt solution containing (in mM) 1.17 MgSO 4 , 1.60 CaCl 2 , 24.0 NaHCO 3 , and 0.03 EDTA. The solution was continuously aerated with 90% N 2 , 5% O 2 , and 5% CO 2 and maintained at a pH of 7.4. Next, a segment of a small mesenteric artery (approximately 200 m outer diameter) was dissected free of perivascular fat and stabilized between 50 m o.d. stainless steel pins, which were anchored in the silastic chamber floor. Inhaled isoflurane was adjusted to 1% and in situ VSM E m s were recorded from the adventitial side of the mesenteric artery by means of 3M KCl-filled glass microelectrodes (tip diameter of 0.1 m with an impedance of approximately 40 M⍀) connected to a biologic amplifier. 16 In both protocols VSM E m s were measured sequentially: before, during, and after superfusion of the vessels with 5.0 M 2,6-diisopropylphenol; during superfusion with one of the second messenger inhibitors; and during superfusion with the second messenger inhibitor plus 5.0 M 2,6-diisopropylphenol. In one group, 2.5 M (Rp)-8-(para-chlorophenylthio) guanosine-3Ј,5Ј-cyclic monophosphorothioate (Rp-8-pCPT-cGMPS) was added to the superfusate to inhibit cGMP-mediated activation of PKG. 17 In the other protocol 24.5 M Rp-adenosine-3Ј,5Ј-cyclic monophosphorothioate (Rp-cAMPS) was added to the superfusate to inhibit cAMP-mediated activation of PKA. 18 At least five E m measurements (each 6 s or longer in duration) were obtained for each of three experimental conditions in every animal. Based on initial results in the Rp-8-pCPTcGMPS protocol with the SS and BN, these experiments were extended to include the study of three animals from the line 2 and line 3 SS.13 BN congenic strains. Line 3 was chosen because its systemic cardiovascular responses to propofol (in the phenotyping protocol) were similar to those of the SS.13 BN . The SS chromosome 13 in this line contained the smallest segment of BN chromosome 13 (less than 5 Mbp) that was able to revert propofol-induced cardiovascular responses back to the level observed in BN. Line 2 was chosen as a representative strain for all of the other congenic strains (lines 1, 2, 4, and 5) because (unlike line 3) none of these other congenic strains altered the cardiovascular responses to propofol (relative to SS rats).
2,6-diisopropylphenol and physiologic salt solution reagents were purchased from Sigma-Aldrich Chemical Company (St. Louis, MO). Rp-8-pCPT-cGMPS and Rp-cAMPS were purchased from BIOMOL International L.P. (Plymouth Meeting, PA).
Effect of Systemic Propofol and In Situ 2,6-Diisopropylphenol on Subcongenic Strains of Line 3
Once it was determined that the normalization of the phenotypic response for cardiovascular sensitivity to propofol as well as the enhanced VSM hyperpolarization response to superfused 2,6-diisopropylphenol were localized to the chromosomal segment contained in line 3, three additional subcongenic strains derived from line 3 were studied to further isolate the region of interest using the identical methodologies. These additional strains were termed lines 3a, 3b, and 3c. Figure 2 illustrates the genetic map for the region of BN chromosome 13 that was transferred into these strains.
Six rats of each subcongenic strain were phenotyped to determine the infusion rate of propofol required to reduce mean arterial blood pressure by 50%. After this phenotyping protocol, the response of in situ VSM E m to superfused 2,6-diisopropylphenol was measured in lines 3a, 3b, and 3c. Again, six rats from each subcongenic group were studied. Measurements were made before, during, and after superfusion of the vessel with physiologic salt solution and 5 M 2,6-diisopropylphenol (Sigma-Aldrich Chemical Company).
Cardiovascular Sensitivity to Propofol and Effect of 2,6-Diisopropylphenol on In Situ Transmembrane Potential of Arterial VSM in Animals Treated with Losartan
This protocol determined whether differences in cardiovascular sensitivity to propofol between SS and BN are related to genetic variation in the expression of the renin gene. Two groups of rats were studied (n ϭ 6 each). One group consisted of SS rats and the other consisted of line 3a SS.13 BN subcongenic rats. The animals were treated with a 40 mg/kg/ day dose of losartan in the drinking water for 7 days. We then determined the infusion rate of propofol required to reduce mean arterial blood pressure by 50% and measured the effect of 2,6-diisopropylphenol on in situ VSM E m .
The results obtained were compared with corresponding results obtained in line 3a animals and in previously studied SS animals.
Data Analysis
Mean Ϯ SD are presented. For characterization of the hypotensive response of a particular strain to systemically administered propofol, the infusion rate of propofol that was being delivered when mean arterial blood pressure was half of baseline (i.e., prepropofol) pressure was compared with that of other strains. A one-way ANOVA was used for evaluation of the hypotensive response to propofol in the BN.13 SS strain in which the independent variable was the strain of the animal and the dependent variable was the infusion rate of propofol that reduced the mean arterial blood pressure by 50%. For the second messenger studies ( fig. 3 ) and the subcongenic comparison ( fig. 4) , the interaction between strain and pharmacologic intervention (i.e., 2,6-diisopropylphenol treatment, second messenger treatment, etc.) was evaluated using a two-way ANOVA for repeated measures. The "between" factor was "animal strain" and the "within" (repeated) factor was pharmacologic intervention with four levels ( fig. 3 ) or three levels ( fig. 4) . In each, the dependent variable was VSM E m . Once a significant interactive effect was established, a one-way ANOVA was performed using the Bonferroni correction/Dunn post hoc test for planned comparisons of cells that contributed to the major effect. A one-way ANOVA was also used for evaluation of the losartan data. In these analyses, the independent variable was the animal group (treated or untreated SS and treated or untreated line 3a) and the dependent variable was the infusion rate of propofol that reduced the mean arterial blood pressure by 50% or the change in VSM E m ( fig. 5 ). For all comparisons in the current study, two-tailed testing was performed and P Յ 0.05 was considered to be significant; n values for each comparison are reported in the figures. All statistical analyses were performed using the SPSS program (IBM Corporation, Somers, NY).
Results
Hypotensive Response to Propofol in the BN.13
SS Strain Systemic infusion of various concentrations of propofol in the BN. 13 SS consomic strain produced a stepwise reduction in arterial blood pressure. The mean infusion rate required to reduce mean arterial blood pressure by 50% was 2.40 Ϯ 0.88 mg/kg/min in this consomic strain (n ϭ 10). This infusion rate (for reduction of blood pressure) is similar to that observed in SS rats (2.40 Ϯ 0.60 mg/kg/min, n ϭ 10) and is significantly less than values previously reported for BN and SS.13 BN (3.40 Ϯ 1.10 mg/kg/min, n ϭ 11 and 3.50 Ϯ 0.60 mg/kg/min, n ϭ 10, respectively). 6 In previously unreported preliminary studies, we observed no significant differences in pooled baseline (i.e., prepropofol infusion) mean Ϯ SD ar- 
Narrowing the Region of Interest by Phenotyping SS.13 BN Congenic Strains
The mean infusion rates of propofol required to reduce mean arterial blood pressure by 50% in the SS. 13 BN congenic lines 1, 2, 4, and 5 were similar and averaged 2.60 Ϯ 0.95 mg/kg/ min. In contrast, the rate for congenic line 3 was 4.30 Ϯ 0.60 mg/kg/min. This rate is similar to the rate measured in previously studied BN and in the SS.13 BN . It is also significantly higher than the rate for the SS and the other SS.13 BN congenic lines studied.
Effects of 2,6-Diisopropylphenol and Inhibitors of PKA and PKG Activity on In Situ VSM E m in the SS and BN Strains and in the SS.13 BN Congenic Strains
The results of these studies are presented in figure 3 . In situ superfusion of small mesenteric arteries with 5.0 M 2,6-diisopropylphenol hyperpolarized VSM in all four of the strains that were studied. However, the 2,6-diisopropylphenol-induced hyperpolarization responses in SS and in congenic line 2 were significantly greater than those measured previously in BN rats and in SS.13 BN congenic line 3. Superfusion of small mesenteric arteries with an inhibitor of either PKA or PKG activity alone did not significantly alter pretreatment baseline E m (i.e., before superfusion with 2,6-di- isopropylphenol) in either SS or BN animals. However, the PKA inhibitor abolished the 2,6-diisopropylphenol-induced hyperpolarization in both (SS and BN) parental strains. In contrast, the PKG inhibitor abolished 2,6-diisopropylphenol-induced hyperpolarization in the BN but not in the SS parental strain. In the presence of the PKG inhibitor, 2,6-diisopropylphenol-induced hyperpolarization in SS was 10.0 Ϯ 0.5 mV, which is similar to that observed for 2,6-diisopropylphenol alone. The PKG inhibitor abolished the 2,6-diisopropylphenol-induced hyperpolarization, in the line 3 congenic strain (similar to its effect in BN). However, the PKG inhibitor did not affect the 2,6-diisopropylphenolinduced hyperpolarization in the line 2 substrain (similar to its lack of effect in SS).
Mean Arterial Blood Pressure Response to Systemic
Propofol and VSM E m Response to In Situ Superfusion with 2,6-Diisopropylphenol in Line 3 SS.13
BN
Subcongenic Strains
The results of these studies are illustrated in figure 4 . The rate of propofol infusion required to reduce mean arterial blood pressure by 50% for line 3a was 4.72 Ϯ 0.40 mg/kg/min. This rate was similar to the value for BN and the SS.13 BN . However, in lines 3b and 3c the rates were 3.04 Ϯ 0.20 and 2.96 Ϯ 0.20 mg/kg/min, respectively. These rates were significantly lower than for line 3a and similar to those for SS rats and congenic lines 1, 2, 4, and 5. Superfusion of in situ small mesenteric arteries with 2,6-diisopropylphenol hyperpolarized E m in all three subcongenic strains (lines 3a, 3b, and 3c). However the magnitude of the hyperpolarization response in line 3a (2.1 mV) was significantly less than that seen in lines 3b (11.0 mV) and 3c (11.6 mV).
Effect of Losartan on Mean Arterial Blood Pressure Response to Systemic Propofol and on VSM E m Response to In Situ Superfusion with 2,6-Diisopropylphenol
The results of these studies are presented in figure 5 . The infusion rate of propofol required to reduce mean arterial blood pressure by 50% in losartan-treated SS was 2.66 Ϯ 0.08 mg/kg/min and 2.51 Ϯ 0.17 mg/kg/min in the line 3a strain. These rates were not significantly different from each other and from the corresponding rate previously observed for untreated SS (2.40 Ϯ 0.60 mg/kg/min). 6 They were also significantly less than the 4.72 Ϯ 0.40 mg/kg/min rate observed for the untreated line 3a animals. Likewise, the 2,6-diisopropylphenol-induced hyperpolarization in losartantreated line 3a animals (11.6 Ϯ 2.7 mV) was significantly greater than the 3.5 Ϯ 1.0 mV we observed in untreated line 3a animals and similar to the 12.5 Ϯ 1.3 mV we observed for losartan-treated and -untreated (10.5 Ϯ 0.5 mV) SS that were reported previously. 
Discussion
Relatively little is known about the genetic determinants of cardiovascular responses to propofol. This study provided evidence for involvement of an altered function of the renin gene on chromosome 13 and the renin angiotensin system in the development of this enhanced cardiovascular response. Initial evidence was the observation that transfer of the entire SS chromosome 13 into the BN genetic background (to produce a BN.13 SS consomic strain) increased systemic cardiovascular sensitivity to propofol to a level almost identical to that seen in the SS. 6 This further supported our observations that the loss of in situ VSM tone in the SS in response to 2,6-diisopropylphenol is linked to genes found on rat chromosome 13. 7 Other studies also demonstrated that the transfer of chromosome 13 from BN to SS rats (to produce the SS.13 BN strain) has related cardiovascular effects. Specifically, such transfer opposes the development of hypertension. 14, 19 It has also been shown to restore endotheliummediated vasodilator responses to acetylcholine in cerebral vessels. 20, 21 Collectively these findings support the existence of gene(s) on chromosome 13 that also can alter vascular reactivity to propofol and other vasoactive substances in SS rats.
To further isolate genes involved we next studied SS. BN and the BN strains are resistant to the propofolinduced cardiovascular suppression. In contrast, subcongenic lines 3b and 3c also exhibited the same increased sensitivity to propofol as seen in the SS. The same pattern was observed for the in situ VSM E m responses to propofol for the SS.13 BN containing the segment of BN chromosome 13 from 45.3 to 47.3 Mbp. This suggests that altered vascular regulation at the level of the VSM E m contributes to the reduced vascular tone produced by propofol. Thus, the BN phenotype for circulatory response to propofol is transferred to the SS via the small portion of chromosome 13 contained in the line 3 congenic. However, because the region of interest in line 3 was still too large (approximately 4.5 million base pairs Mbp) and contained 85 known and predicted genes, it was premature to draw any conclusions regarding a causal relationship between a specific gene in this region and the altered response to anesthetics in SS.
A further narrowing of the region of interest to still smaller segments was accomplished with the 3a, 3b, and 3c subcongenic lines. The fact that line 3a exhibited a cardiovascular sensitivity to propofol that was similar to the SS.13 BN and to the BN, whereas lines 3b and 3c duplicated the sensitivity of the SS parental strain, is evidence that the gene(s) responsible for the difference is/are contained within the small region representing the nonoverlapping portions between line 3a and lines 3b and 3c. This region, which contains the renin gene, was further evaluated as the region containing a candidate gene for the altered vascular response to propofol. The SS rats are a low renin model of hypertension, and the renin-angiotensin system has been linked to altered cardiovascular responses in SS rats. 3 In particular, transfer of the same region of chromosome 13 from BN to SS rats in the line 3a congenic has been shown recently to restore the impaired angiogenic response to nerve stimulation that exists in SS rats. Such restoration is linked to an intact reninangiotensin system. 9, 22 Moreover, in mesenteric arteries similar to those used in this study, angiotensin has been shown to influence PKA-mediated regulation of outward K ϩ current channels. 23, 24 Thus, an altered renin gene function could lead to a reduced renin and angiotensin II concentration in SS rats that in turn could lead to an increase in potassium channel activity, resulting in an increased VSM hyperpolarization and a coupled loss of arterial VSM tone.
The link between an increased vascular sensitivity, VSM hyperpolarization to propofol, and a mechanism of enhanced cAMP-mediated opening of (big) calcium-sensitive potassium channels in SS is supported by the results reported in the current study. In addition, in skeletal muscle angiogenesis studies using consomic models similar to those used in the studies reported here, the renin gene from SS animals has been shown to function differently from the BN renin gene. 9 We suspect that the same is true in the current study and that the relatively low concentrations of renin and angiotensin II in SS rats allows a greater expression of PKA. Greater PKAinduced potassium current in VSM would result in more hyperpolarization in response to (vasodilator) drugs such as propofol, resulting in less vascular tone and possibly an earlier circulatory instability (consistent with what we observed).
The renin gene is one of the "master" regulatory genes in the cardiovascular system. 8 The fact that it was also one of the eight genes that remained in the segment of BN introgressed into line 3a strongly supports its causal role in our observed differential cardiovascular response to propofol. Additional studies using losartan, a blocker of the angiotensin receptor, were performed to obtain direct pharmacologic evidence for involvement of strain-related differences in the action of the renin-angiotensin system in mediating the differential response to propofol in SS versus the 3a congenic strain. Pretreatment with systemic losartan had little effect on 2,6-diisopropylphenol-induced VSM hyperpolarization or the enhanced circulatory instability in response to systemic propofol in SS. However, it had a far greater effect in the 3a subcongenic line. These results provide further evidence that transfer of the BN renin gene into the SS (to produce the SS.13 BN ) increases in the activity of the renin-angiotensin system in this strain, and that activation of this system reduces the vasodilator response to propofol. We believe that pretreatment with losartan did not alter normal function of the renin-angiotensin system in SS, because this function was already depressed due to inherently different activity of the renin gene. Thus, propofol had no additional hemodynamic instability effect in the SS after losartan treatment. We further postulate that the renin-angiotensin system function is at a higher level in the line 3a strain. Thus, pretreatment with losartan in this strain reduced its renin-angiotensin system function to a level similar to that observed in SS. Consequently, this functional alteration leads to an increased propofol-induced VSM hyperpolarization and circulatory instability in the losartan-treated line 3a to the level observed in SS. The fact that the line 3a strain differs from SS only by the small eight-gene substitution from the BN genome and that losartan causes both the propofol-induced VSM hyperpolarization and the circulatory instability responses in the line 3a strain to become similar to that in an SS provides additional evidence that an altered renin function is most likely responsible for mediating the increased cardiovascular depression to propofol and the hyperpolarization responses to 2,6-diisopropylphenol in the SS compared with BN. Finally, the VSM hyperpolarization data in the current study strongly suggest that the enhanced propofol sensitivity of the SS involves an effect on peripheral vasculature but it does not preclude the possibility of altered myocardial sensitivity to propofol as well. Regardless, altered renin gene function does seem to be a common feature in the current model.
Examples of pharmacogenomic differences between strains of animals related to anesthetic administration have been reported previously, 12, 25 although the genetic basis of the differences in these responses has not been identified. In lower animals, specific quantitative trait loci have been associated with mechanisms of altered mitochondrial function in response to volatile anesthetics and these findings have been correlated with observed differences in and among patients. 26 In addition, human pharmacogenomic variation has been identified in analgesic responses to opioids 27, 28 and it is likely that similar variation exists for other anesthetic responses in humans. It should be recognized that in the current study, the animals used were all age-matched males. Moreover, (by design), the congenic and subcongenic strains studied were genetically identical to the SS except for the small portion of the BN genome that was transferred. For these reasons, factors such as age, sex difference, and comorbidity (all present in the clinical setting) were intentionally excluded to study the effects of the genetic substitution separately. Other such factors could potentially enhance or mask underlying pharmacogenomic differences. This (along with the fact that it is an animal study) limits the direct applicability to patient care. However, it does demonstrate that pharmacogenomic differences clearly exist for this phenotype. Although there is no specifically known correlate for enhanced human sensitivity to propofol (or other general anesthetics at this time), variation in the renin gene in humans has already been demonstrated to account for altered blood pressure regulation. 11 Accordingly, it may well (at least partially) account for the altered circulatory responses to anesthesia that are not infrequently encountered in the clinical setting. 
